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ABSTRACT:

Using depth and element resolved characterization, we report insights into
antiferromagnetic coupling in YsFesO1o/permalloy (Y1G/Py) and Y3FesO12/Co (Y1G/Co) thin film
heterostructures grown on Si/SiO; and Gds:GasO1»> substrates. We build on recent work
demonstrating antiferromagnetic coupling in polycrystalline Y 1G/metallic-ferromagnetic systems
by characterizing differences in the structural and magnetic properties which depend on the choice
of ferromagnet (Py vs. Co), seed layer (with and without Pt), and substrate (Si/SiO2 vs.

GdsGasO12). These differences in the sample structure manifest as notable changes in interface
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coupling sign, magnetic reversal mechanisms, magnetic depth profiles, and domain structure.
Through a combination of magnetometry, polarized neutron reflectometry, and X-ray
photoemission electron microscopy, a comprehensive picture of the magnetic interactions is
realized, with lateral- and depth-resolution at sub-micrometer and nanometer scales, respectively.
These results confirm that both Co and Py share a preference to align antiparallel to polycrystalline
YIG grown on some substrates (Si/SiO2 and Si/SiO2/Pt), while coupling ferromagnetically with
highly oriented YIG on (111) GdsGasO12 and (110) GdsGasO1o/Pt substrates. The complex
interplay among magnetic interactions at the YIG/FM interface has important implications for

spintronic and magnonic devices based on this platform.
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l. INTRODUCTION

Heterostructures consisting of magnetic insulators and ferromagnetic metals are of wide
interest as platforms for magnon physics and applications in non-volatile memories [1]. Yttrium-
iron-garnet (Y3FesO12, YIG) is an extensively studied ferrimagnetic insulator with a low Gilbert
damping constant [2] and long spin-wave propagation lifetime [3,4], which make it an important
candidate for use in domain wall memories [5] and magnon spintronics [6,7]. In the context of
magnon studies, YIG is capable of hosting standing spin waves (SSW) and interlayer magnon-
magnon coupling when in proximity to a soft ferromagnetic metal [8-10]. YIG-based spin wave
structures are also exciting for enabling quantum functionalities [11-13]. The interlayer exchange
interaction in YIG/metal ferromagnetic (FM) systems has been demonstrated to exhibit the
magnon spin-valve effect [14,15]. Magnon spin-valves are potentially advantageous compared to
traditional magnetic memories, as transmitting information through pure spin currents rather than
a spin-polarized current dramatically reduces the associated Joule heating, improving their energy

efficiency [6].

YIG films used for fundamental research are typically grown epitaxially on GdzGasO12
(GGG) substrates. However, GGG is not compatible with CMOS-based heterostructures, limiting
the technological relevance of these systems. In addition, there have been numerous reports of
interdiffusion between YIG thin films and GGG substrates, leading to complex magnetic
interactions which vary from sample to sample and degrade device performance [16,17] . While
the development of YIG/FM hybrid structures on Si/SiO. substrates would yield significant
advantages, the exploration of such systems remains in its infancy and much of the associated
materials physics is poorly understood. For example, we have recently reported intrinsic

antiparallel coupling in sputtered Si/SiO2/Pt/Y1G/permalloy (NisoFe2o, Py) heterostructures with a
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coupling field as large as 150 mT [18]. That work demonstrated that the coupling is due to an
interfacial exchange interaction rather than dipole interactions, and that the magnetization reversal
process can be tuned by changing the ratio of the YIG and Py magnetic moments through their
respective layer thicknesses. Furthermore, we have used the antiparallel coupling in this Si-based
heterostructure to fabricate a magnon spin valve with an ON/OFF ratio of 130% at room
temperature. However, much remains unknown about this unexpected magnetic configuration,
particularly the underlying source of this antiparallel exchange interaction and its applicability to

other FM layers or substrates.

Here we note the work of S. Klingler et al. which suggested a comparable magnetic
configuration in a YIG/Co heterostructure with a very different geometry [8]. In that study, the
authors interrogated specially prepared 1 um YIG films grown on (111)-oriented GGG substrates
by liquid phase epitaxy and capped with 35 nm to 50 nm of Co, proposing an antiparallel
configuration with a vertical domain wall in the YIG layer. The YIG surface in S. Klingler et al.
was prepared through etching and in-situ annealing prior to Co deposition.

When considered in tandem, these observations of antiparallel alignment of YIG and FM
[8, 18] suggest that the interface coupling is determined by a complex interplay among a number
of factors. For example, surface termination and interface chemistry may play a critical role,
depending on whether the dominant coupling mechanism is direct exchange or oxygen-mediated
superexchange between Fe in the YIG and Fe/Co/Ni in the adjacent metal. If the interfacial metal
forms surface bonds with Y1G oxygen, the sign of the resulting exchange will depend on unknown
ferromagnetic metal valence states at the surface as well as bond angles across the interface, all of
which vary with surface termination. It may therefore be expected that Fe?" - O - Fe superexchange

may yield a different exchange coupling sign than, for example, Fe** - O - Co superexchange or
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Fe?* - Ni direct exchange. Magnetic disorder and frustration at a polycrystalline YIG surface may
also play a role. Lastly, we note that the growth of iron garnet systems is a notoriously
temperamental process, and any unexpected outcomes such as antiparallel coupling must be
carefully assessed to ensure they do not arise from sample quality issues induced by a specific
growth process such as the dc magnetron sputtering used in reference 18. [18]

Unfortunately, the complexity of a polycrystalline metal-oxide interface with multiple
valence states and an unknown surface termination renders the origin of antiparallel interface
coupling at YIG/FM interfaces impossible to determine theoretically. Instead, we provide
additional insight experimentally using a suite of characterization techniques including polarized
neutron reflectometry (PNR), X-ray photoemission electron microscopy (XPEEM),
magnetometry, and X-ray diffraction (XRD). These techniques are applied to a range of
heterostructures including Y1G/Py grown on Si/SiO> with and without a Pt seed layer, YIG/Py
grown on (111) GGG and (110) GGG/Pt, and YIG/Co grown on Si/SiO2/Pt. This selection of
samples allows for variation in ferromagnetic metal selection, film quality, crystallographic
orientation, and surface termination. These results yield critical insights for the design and
implementation of CMOS-compatible magnetic insulator/ferromagnetic metal hybrid structures

for magnon logic.

1. METHODS

On (001)-oriented Si/SiO substrates, we studied a series of thin film samples with nominal
stack structures of Pt (0 nm or 10 nm)/YIG (35 nm)/Py or Co (20 nm)/Ru (3 nm) or Ta (5 nm) and
YI1G(30 nm)/Py(20 nm)/Ru(4 nm). We compare these samples to stacks grown on (110)-oriented
GGG substrates with the structure Pt(10 nm)/Y1G(35 nm)/Py(20 nm)/Ta(5 nm) and (111)-oriented

GGG/YIG(50 nm)/Py(20 nm)/Ta(5 nm). The Pt and YIG are grown sequentially by ultra-high
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vacuum magnetron sputtering at room-temperature, using an Ar sputtering pressure of 0.26 Pa (2
mTorr). The Pt layer was grown by dc magnetron sputtering, while the YIG was grown by rf
sputtering. The Si/SiO./Pt/YIG stacks are annealed at 850 °C for 3 min in a rapid thermal annealer
with sufficient oxygen flow inside. The sample was returned to vacuum to deposit a metallic FM
layer, and a Ru or Ta capping layer was deposited on top of the FM layer using dc magnetron

sputtering with the same temperature and pressure as the initial layers.

The crystal structure was primarily probed through a combination of symmetric XRD scans
along the growth axis and in-plane rotation scans of Bragg reflections with both in-plane and out-
of-plane components. Because the XRD provided ambiguous results from the (110)-oriented
GGG/Pt/Y1G/Py samples, supplemental scanning transmission electron microscopy (STEM) and
electron diffraction measurements were performed on this geometry. Cross-sectional specimens
were prepared by focused ion beam (FIB) lift-out. Before lift-out, protective layers of sputtered
carbon followed by ion beam deposited Pt-C were applied to the surface of the thin film. Rough
milling steps were performed with 30 keV Ga+ ions, and the final thinning of the sample was at 5
keV to reduce surface damage. High-resolution STEM experiments were then performed by a
(S)TEM instrument operating with a primary beam energy of 300 keV. Annular dark field
(ADF) images were acquired using a high-angle annual dark field (HAADF) detector with a
convergence semi-angle of 13.7 mrad and inner collection semi-angle of approximately 60 mrad.
Nanobeam electron diffraction STEM measurements were performed with a convergence semi-
angle of 0.16 mrad and were collected with a 1 ms dwell time at (256 x 256) pixels per diffraction

pattern with a bit depth of 12.

Magnetic properties are characterized by magnetometry measurements using a vibrating

sample magnetometer (VSM) at room temperature, and the parallel (longitudinal, M;) and
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perpendicular (transverse, M) magnetization components were measured with the applied field
in the plane of the film. First order reversal curve (FORC) measurements [19-23] were also carried
out using the same VSM in the longitudinal configuration: the sample was first saturated in a
positive magnetic field of 300 mT; then, the magnetic field (H) was decreased to a given reversal
field (Hr) and the magnetization, M(H, Hr), was measured while the field was swept back to
positive saturation; this process was repeated at successively more negative Hg, creating a family

of FORCs. The normalized FORC distribution can then be calculated using the mixed second-

order derivative of the magnetization p(HR,H)E—ﬁazM(HR,H)/aHRaH. We have

previously carried out detailed magnetometry on similar Si/SiO./Pt/Y1G/Py samples and found the
saturation magnetizations of YIG and Py were in close agreement with the bulk.

Depth dependence of the nuclear structure and in-plane component of the magnetization
were characterized using PNR. Data were collected using the Polarized Beam Reflectometer
(PBR) and Multi-Angle Grazing-Incidence K-vector (MAGIK) instruments at the National
Institute of Standards and Technology Center for Neutron Research (NCNR). The incident
neutrons were spin polarized parallel or antiparallel to the in-plane applied magnetic field (H), and
reflectivity was measured with full polarization analysis (R'", R™, R!T, R%, where arrows indicate
the up- and down-orientation of the incident and scattered neutron spin moment) as a function of
the momentum transfer (Q;) normal to the surface of the film. The non-spin flip cross-sections
(R™, RY) are sensitive to the net magnetization component aligned with H and perpendicular with
Q., whereas the spin flip cross-sections (R™!, R'T) probe the net magnetization perpendicular to
both H and Q.. PNR measurements were collected at room temperature with a maximum magnetic
field of 700 mT applied along an in-plane direction of the sample. The magnetic field was first set

to 700 mT and then progressively lowered for each field state measurement. We reduced and
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model-fit the PNR data using the REDUCTUS and REFL1D software packages,
respectively [24,25]. Model-fitting of the PNR data was carried out using a slab model, in which
each layer is represented as a region of uniform nuclear and magnetic scattering length density
(SLD) with Gaussian interfacial roughness between adjacent layers; the model allowed for
magnetic dead layers at the interfaces. For the case that a single sample was measured multiple
times in different field states, the models were co-refined such that all data are fit to the same
structural parameters, and only the magnetization varies with H.

To better understand the magnetic domain structure of the Py and Co layers with element
specificity, we probed the FM layer using XPEEM with spatially resolved X-ray absorption
spectroscopy (XAS) and X-ray magnetic circular dichroism (XMCD) at the Advanced Light
Source PEEM3 end station (beamline 11.0.1.1). Prior to image collection, an in-plane field of 650
mT was ex situ applied along the sample plane, and then lowered to zero. Data were collected at
room temperature with X-ray illumination applied at a grazing incidence angle of 30°, capturing
predominantly the in-plane magnetization. Measurements were performed in zero field, as is
necessary for full-field PEEM. Fe, Ni, and Co, L2 3 absorption spectra were measured for the
Si/SiO2/PH/YIG/Ru, Si/SiOo/PY/YIG/Py/Ru, and Si/SiO2/Pt/Y1G/Co/Ta samples, respectively, to
determine the energy of maximum XMCD-based contrast for imaging (Fe 709.6 eV, Ni 853 eV,
Co 779 eV). The scans used to determine these energies are shown in the supplementary Figs. S9,
S10, and S11. [26] Magnetic contrast images were then obtained by measuring with alternating
left- and right-circularly polarized light and taking the difference in intensity between the two
polarization states at the XMCD maximum energy. Images taken at a pre-edge energy were used
to normalize the magnetic contrast at each polarization. Vector maps of the magnetization

magnitude and direction were obtained by pixelwise fitting of data collected at four different
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azimuthal angles (0°, 45°, 90°, and 180°). An additional Si/SiO2/Pt/YIG/Ru sample was also
imaged at five different azimuthal angles (0°, 45°, 90°, 135°, and 180°) to understand the domain

configuration of sputtered YIG when not in contact with a ferromagnetic metal.

1. RESULTS

The 0-206 XRD scans on the YIG/Py and YIG/Co samples grown on Si/SiO2 shown in Fig.
1 reveal a highly (111)-textured Pt seed layer and polycrystalline YIG with large (420) and (422)
reflections alongside a number of secondary textures such as (400), (444), (640), and (642) along
the Si [001] direction. Fig. 1(a) also shows peaks consistent with (111) Py and (111) Co textures,
respectively. To search for in-plane crystallographic ordering of the YIG, we rotated a sample
about the film normal direction while in the Bragg condition for the (642) plane of YIG and found
no evidence of strong in-plane YIG texturing. No in-plane texturing was expected since the SiO>
underlayer is presumed to be amorphous and no XRD peaks for the SiO. were observed. To assess
the role of the Pt seed layer, Fig. 1(a) also shows an otherwise identical sample without a Pt layer.
While a shoulder persists in the YIG (420) position next to the Si (002) reflection, all YIG peaks

are significantly weakened relative to the Pt-seeded samples.

Indeed, Table I shows the estimated volume fractions based on Y1G integrated peak area
and theoretical reflection intensity. There is considerable scatter in volume fraction from sample
to sample, with the (420)-oriented fraction varying between 23% - 62%. The two samples grown
with a Pt seed layer both exhibit (420) and (422) dominance, while the sample grown without Pt
has comparable volume fractions of the (420), (422), and (642)-oriented YIG grains. We conclude,
therefore, that the highly oriented Pt underlayer enhances the dominance of (420) and/or (422)

texture in the YIG films in addition to improving YIG crystallinity. For relative crystallinity



208

209

210

211
212
213
214

215

216

217

218

219

220

221

222

223

224

225

226

227

information, see Table Sl in the supporting information, which normalizes the YIG diffraction

peak intensities to the Si (004) peak intensity of each scan and reveals significant suppression of

all Y1G diffraction peaks when samples are grown without a Pt layer.

Orientation | SiO2/Pt/YIG/Py/Ru | SiO2/Pt/Y1G/Co/Ta | SiO2/Y1G/Py/Ru
Vol. Frac. (%) Vol. Frac. (%) Vol. Frac. (%)

400 4.5 9.0 8.3

420 61.9 29.1 23.4

422 18.4 37.9 22.1

444 2.0 0 10.2

640 3.6 7.8 13.8

642 9.7 16.2 22.2

Table I: Summary of the estimated volume fraction of various detected crystallographic
orientations for the Si/SiO2/Pt/YIG/Py/Ru, Si/SiO2/Pt/Y1G/Co/Ta, and Si/SiO2/YIG/Py/Ru
samples. Calculations based on theoretical intensities from the Inorganic Crystal Structure
Database.

Lastly, Fig. 1(b) shows XRD from (111)-oriented GGG/YIG/Py/Ta and (110)-oriented
GGG/(111)-textured Pt/YIG/Py/Ta samples. Both stack structures were designed to present a
(111)-oriented growing surface to maintain consistency with the (111)-oriented Pt grown on
amorphous SiO>. The (111)-oriented GGG/YIG represents the classic case of direct, high-quality
epitaxial YIG growth, and the expected YIG film peaks and Pendellésung fringes may be observed
for the sample on (111)-oriented GGG (see supplemental Fig. S1). On the other hand, (110)-
oriented GGG/Pt should provide an intermediate growth between the extremes of epitaxy and
amorphous SiOz. Indeed, azimuthal ¢-scans of the asymmetric GGG (642) and Pt (311) peaks,
plotted in supplemental Fig. S2, show that the GGG imparts a preferential in-plane orientation to
the Pt. However, no obvious YIG Bragg reflections or Pendelldsung fringes are observable in this
sample, either from textures matching the underlying GGG or alternative crystallographic

orientations. Because previous examples of this stack geometry have shown relatively close, but
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not perfect, alignment between the YIG and GGG, we performed STEM imaging and electron

diffraction measurements on a (110)-oriented GGG/Pt/YIG/Pt heterostructure [27]. These

measurements revealed that while the Pt interlayer does transmit preferred in-plane and out-of-

plane orientations from the GGG to the YIG, there is approximately 2° tilt offset between the

substrate and film (see supplemental Fig. S3). Such an offset renders the (110)-type YIG peaks

extremely difficult to locate, as the angular offset is likely to vary in both magnitude and direction

between domains, requiring extremely fine ¢-o (azimuthal and tilt offset) mapping to observe.
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FIG 1: (a) Si/SiO2 based heterostructures for use of Py (teal) or Co (blue) as the
ferromagnetic metal layer. Further a sample with no Pt seed layer (maroon). (b) (110)-oriented
GGG/Pt/Y1G/Py/Ta and (111)-oriented GGG/YIG/Py/Ta. Dashed lines are intended to guide the
eye for subtle peaks present across multiple samples.
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The room temperature longitudinal and transverse hysteresis loops [28,29] are shown in
Fig. 2 and supplemental Fig. S4, respectively, for the YIG/Py and YIG/Co samples on
Si/SiO>. [26,29-40] For the YIG/Py sample, as the field is decreased from positive saturation at
300 mT, there is initially a gradual decrease in YIG longitudinal magnetization to achieve an anti-
parallel alignment between the YIG and the Py (Fig. 2a), as shown by previously reported PNR
results. [18] Subsequently, application of a small negative field yields a sharp switching associated
with the Py layer reversal, along with a coercivity of 0.7 mT; presumably the YIG also reverses,
now pointing in a positive orientation, to maintain its antiparallel alignment. [41] Based on the
magnetization and given the thicknesses and saturation moment determined previously [18] the
YIG is not fully reversed at the coercive field and may contain domains, reducing the net
magnetization. At more negative fields, the YIG is gradually forced into alignment with the applied
field, although a very small slope persists through the entire measurement range. For the Y1G/Co
sample, the longitudinal moment exhibits a similar trend with magnetic field as the YIG/Py
sample, except for differences in the loop shape and a relatively larger low-field switching

component with an M/Ms of = 0.78 before switching [Fig. 2(b)].

FORC distributions for the YIG/Py and YIG/Co samples are shown in Fig. 2(c) and 2(d),
displaying a single peak at (H, Hr) of (0.7, -0.5) mT and (2.7, -2.4) mT, respectively. The
associated families of FORCs and full field range FORC distributions are shown in supplementary
Fig. S5[26]. Interestingly, we find that the FORC distributions for both YIG/Py and Y1G/Co
samples to be featureless except near the soft layer switching fields. Reviewing the full-range
FORC diagram, shown in the Supplemental Material Fig. S5, the low-field features in Fig. 2(c)

and 2(d) are the only non-zero contributions to the FORC diagram, indicating that the switching
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of the YIG layer at higher fields is mostly reversible. [26] The FORC features in Fig. 2(c) and 2(d)

are associated with the irreversible Py or Co layer switching and indicate reversal by domain

nucleation and propagation [38,42].
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Fig. 2: (a,b) In-plane longitudinal hysteresis loops and (c,d) FORC distribution for a (a,c)
Si/SiO/Pt/Y1G/Py/Ru and (b,d) Si/SiO2/Pt/Y1G/Co/Ta sample, respectively.

To directly probe the magnetization in the Si/SiO2/Pt/YIG/FM heterostructures, we make
use of PNR to measure the depth profile of the chemical composition and the net in-plane

magnetization. A summary of our previously reported PNR data and model-fitting of the
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Si/SiO2/Pt/YIG/Py/Ru is presented in ref. 18. In that work, scattering length density profiles
corresponding to the best fits indicated parallel alignment of Y1G and Py at magnetic fields above
150 mT. Below 150 mT, the YIG begins to reorient into an antiparallel configuration with respect
to H and Py. Our previous PNR investigation of comparable-thickness Si/SiO./Pt/YIG/Py/Ru
samples also revealed chemical compositions near theoretical bulk values, sharp interfaces,
magnetic depth profiles in strong agreement with the magnetometry, and a lack of any statistically
significant magnetic dead layer [18]. While spin-flip data were collected in this study, no
statistically significant signals were observed after polarization correction, indicating the absence

of a significant net in-plane magnetization perpendicular to the applied field.

To determine the generality of antiparallel coupling at YIG/FM interfaces for samples
grown on Si/SiO2, we probed a Si/SiO2/Pt/YIG/Co/Ta heterostructure with PNR. The fitted non-
spin-flip PNR cross sections from this sample at H = 700 mT, 4 mT, and 2 mT are shown in Fig.
3a. Non-zero spin-flip scattering was observed at both 4 mT and 2 mT, and these cross-sections
are shown alongside theoretical fits in Fig. 3b. To illustrate the relative scaling of the spin-flip and
non-spin-flip signals, they are plotted on the same scale for the 4 mT condition in Fig. S7. The
non-zero spin-flip measurements imply a net in-plane moment orthogonal to the guide field in the
4 mT and 2 mT measurements which, as discussed above, may be the result of subtle growth
morphology effects which may occur even in films without in-plane texturing. [43,44] Low-field
data were therefore fit using models which allowed the direction of the net in-plane moment in

both the YIG and Co layers to independently rotate away from the applied field. The fitted spin

++_p——
%}, which emphasizes the scattering contributions of the net

asymmetry (SA = -

magnetization parallel to the magnetic field, is plotted in Fig. 3c. The scattering length density

profiles corresponding to the best fits to the data are shown in Fig. 3d and reveal sharp interfaces,
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nuclear and magnetic scattering length densities in close agreement with expected values, and no
magnetic dead layers at 700 mT apart from a small region at the top surface of the Co layer.
Describing the low-field data required mostly antiparallel alignment of the YIG and Co moments,
with angles of 161(2)° and 153(2)° between the YIG and Co moments at 2 mT and 4 mT,
respectively; 180° denotes fully antiparallel in-plane alignment. The fitted YIG magnetization at
2 mT and 4 mT is 61(4) % and 58(3) % of the 700 mT saturated value, respectively, suggesting
that the YIG likely forms partially cancelling domains with a weak perpendicular component to
the magnetization. This agrees with the previously reported behavior at the YI1G/Py interface, in
which approximately 76 % of the moment is recovered in the antiparallel YIG at 4 mT. In contrast
to the Py magnetization in Si/SiO./Pt/YIG/Py/Ru samples, the Co magnetization in
Si/SiO2/Pt/Y1G/Co/Ta is found to rotate away from the applied field by as much as 10.55(5)° at
low-field; this rotation is proposed to be the result of an as-of-yet unidentified in-plane anisotropy.
The magnetization data (Fig. S4) provide further evidence of this weak uniaxial anisotropy.
Though the Co-film has no net in-plane crystalline orientation, we speculate that microstructural

effects may be responsible for this effect. [39,40,43]

We note that one feature in the PNR of Si/SiO2/Pt/YIG/Co/Ta is extremely difficult to
account for in the fitting. A splitting appears between the two non-spin flip cross sections below
the critical edge at low field. While a feature of this type is expected due to the large magnetic
moment and slightly larger (relative to Fe or Ni) neutron absorption cross section of Co, the effect
is too large to originate solely from these factors. Instead, we posit that domain formation driven
by Co-anisotropy leads to off-specular scattering which acts to preferentially remove intensity
primarily from one of the non-spin-flip cross sections [33,45]. We confirm this hypothesis by

performing a series of rocking curves on the sample at different Q; values to identify the associated
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off-specular reflections. Some modifications in the standard data treatment are required to address
these effects in the PNR analysis to account for this and are discussed in detail in the supplemental

information. [26]
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Fig. 3: (a) Non spin-flip PNR data and theoretical fits for the Si/SiO2/Pt/Y1G/Co/Ta sample at 700
mT, 4 mT, and 2 mT. (b) Spin-flip reflectivities at 4 mT and 2 mT with theoretical fits. (c) Spin
asymmetries and fits at 700 mT, 4 mT, and 2 mT. (d) Nuclear and magnetic depth profiles used to
generate the fits shown. Note that the low-field canting angles of the magnetization discussed in
the text are not shown. Error bars indicate single standard deviation uncertainties based on
counting statistics.

We obtained a more detailed understanding of different domain structures in YIG/Py and
Y1G/Co grown on Si/SiO/Pt using magnetic domain imaging with X-PEEM. Fig. 4 shows in-
plane vector magnetometry maps obtained by using five XMCD PEEM images taken at 0°, 45°,
90°, 135°, and 180° to pixelwise fit the magnetization directions in each field of view in a bare
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YIG/Ru film, a YIG/Py/Ru film, and a YIG/Co/Ta film, all grown on Si/SiO./Pt. While 3 angles
(e.g. 0°,90°, and 180°) are sufficient to determine the three dimensional magnetization orientation
in the field of view, additional images at intermediate angles were used in the fitting for better
statistical confidence in the pixelwise fits. Here we note that the images shown for YIG, YIG/Py,
and Y1G/Co were taken using the Fe, Ni, and Co L3 edges as described in the methods and
supplemental information. [26] The L2 3 absorption spectra for Co on the YI1G/Co sample, and Fe
and Ni on the YIG and YIG/Py samples, respectively, are shown in supplementary Figs. S9, S10,
and S11, respectively [26], and indicate no significant oxidation of the surface Co or Py [46]. The
thicknesses of the Py and Co layers were well beyond the photoelectron escape depth of
approximately 5 nm, so that it was not possible to image the underlying Y1G, and we instead use
a bare YIG film for comparison. Further, it is critical to recall the extremely weak anisotropy of
Py. Since the PNR measurements required a magnetic field of at least 1 mT to maintain neutron
polarization while the X-PEEM must be done in zero-field, the domain state of the Py (and
consequently the underlying Y1G) may be very different for the PNR and XPEEM measurements.
That being said, the PEEM data confirms the PNR observation that the Py and Co layers dominate

the magnetization, aligning mostly parallel to the initializing field at remanence.

Nevertheless, key insights may be gleaned by comparing the images in Fig. 4. Specifically,
the YIG and Py domains appear to have very similar morphology, indicating that the Y1G domain
structure is being imprinted onto the permalloy, with domains ~ 2 pum to 5 um in their lateral
dimensions. These images also show that the YIG and YIG/Py samples have no significant
asymmetry in the reversal directions. In contrast to the lack of a preferred direction in the Py, the
Co image shows a significantly different magnetic domain structure, with widths parallel to the

conditioning field of =5 um, but lengths orthogonal to the field of >20 um. This domain structure
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is consistent with a uniaxial anisotropy induced in Co through microstructural effects induced by
the growth morphology, emphasizing that while the coupling across the interface is similar across
different FM systems, the low-field behavior may be tuned by varying materials choice and growth

parameters. [39,40,43]

Fig. 4: In-plane magnetic moment orientation determined from XMCD-PEEM data at the L3 edge
of (a) Fe on the Si/SiO2/Pt/YIG/Ru (b) Ni on the Si/SiO2/Pt/Y1G/Py/Ru sample and (c) Co on the
Si/SiO2/Pt/Y1G/Co/Ta sample. The field of view for all images is 28 um. (d) Color mapping of
the in-plane moment angle in (), (b), and (c).
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Having demonstrated that the antiparallel alignment of the YIG and FM layers at low field

appears to be a generalizable behavior in Si/SiO2/Pt/Y1G/FM structures, we may better understand

the fundamental underpinnings by turning our attention to alternative structures. We performed

PNR at 700 mT and 4 mT on a Si/SiO2/YIG/Py/Ru structure in which the YIG is grown without a

Pt seed layer. The 4 mT measurement and the associated best-fit depth profile are shown in Fig. 5.

Once again, we find high-quality interfaces, bulk-like scattering length densities, and antiparallel

alignment of the YIG and Py. The lack of a Pt seed layer appears to suppress the magnetization in

the YIG layer, likely as a result of the reduced crystallinity revealed by the x-ray diffraction of Fig.

1. Nevertheless, approximately 80 % of the saturated YIG magnetization appears to be aligned

antiparallel at 4 mT in this sample, suggesting that it is not the YIG crystal quality which

determines the sign of the interface exchange coupling.
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Fig. 5: (a) Non spin-flip PNR data and theoretical fits for a Si/SiO2/YIG/Py/Ru sample at 4 mT.
(b) Non-spin-flip reflectivities at 4 mT and with theoretical fits. (b) Nuclear (black, dash-dot, left
axis) and magnetic (red, solid, right axis) depth profiles used to generate the fits shown. Error bars
indicate single standard deviation uncertainties based on counting statistics.

Since crystal quality appeared not to be the decisive factor in the observed
antiferromagnetic coupling, we also probed the role of crystallographic orientation by measuring
PNR on a pair of YIG/Py samples grown on GGG with and without a Pt seed layer. In Fig. 6, we
show the measured PNR, model-fits, and spin asymmetry for both of these samples, which had
nominal structures of (110) GGG /Pt (10 nm)/YIG (35 nm)/Py (20 nm)/Ta (5 nm) and (111)
GGG/YIG (50 nm)/Py (20 nm)/Ta (5 nm), measured at 700 mT and 0.9 mT. In both cases, we find
only minor changes in the magnetic depth profile between high and low field measurements, and
a clear absence of the antiparallel coupling that is seen in the Si/SiO, based samples. This
conclusion is reinforced by the near perfect overlap of the spin asymmetry at both field conditions
(see Fig. S8 in the supplemental information). [26] While this result is well reported in the
literature, it remains quite interesting in that it highlights that exchange coupling between YIG and

well-known ferromagnetic metals is tied to the sample design in a non-trivial way.

Of further interest is the resulting magnetic depth profiles near the (111) GGG/YIG and
(110) GGG/P/YIG interfaces in the two samples. While the (111) GGG/YIG sample exhibits a
room-temperature magnetic dead layer in the first few nanometers of the Y1G layer, this feature is
absent in the GGG/PY/YIG, despite a lower-density transitional growth region in the latter sample.
The dead layer observed at the direct GGG/YIG interface is consistent with varying reports of a
structural and magnetic reconfiguration associated with interdiffusion in the relatively open garnet
structures [16,17,47]. We speculate that the Pt may act as an effective diffusion barrier while

simultaneously preserving a highly oriented crystal structure on which to grow high-quality YI1G.
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Fig. 6: (@) PNR data and model-fits for (110) GGG/Pt(10 nm)/YIG(35 nm)/Py(20 nm)/Ta(5 nm)
collected at 700 mT and 0.9 mT. (b) Nuclear scattering length density profiles (left axis, dash-dot)
and magnetization depth profile (right axis, solid) obtained from model-fitting the PNR data in (a).
(c) PNR data and model-fits for (111) GGG/YIG(50 nm)/Py(20 nm)/Ta(5 nm) with associated
depth profiles in (d). Note that Z = 0 nm refers to the surface of the GGG substrate. Error bars
indicate single standard deviation uncertainties based on counting statistics.

IV. DISCUSSION

In the introduction, we posited that a complex interplay of many factors was likely to play
a role in determining the sign of interface coupling at the YIG/FM interface. Specifically, we
identified surface termination, FM choice, structural disorder, and deposition technique selection

as potential factors. In this work, we narrowed the range of possible explanations through the

21



420

421

422

423
424

425

426

427

428

429

430

431

432

433

434

435

436

application of XRD, magnetometry, PNR, XPEEM, and STEM to a range of sample designs,

summarized in Table II, that provides a more comprehensive understanding of interfacial magnetic

coupling in YIG/FM heterostructures.

Sample YIG Orientation | Coupling Anisotropy
Si/SiO2/Pt/Y1G/Col/Ta Textured Antiferromagnetic | Strong
Si/SiO2/Pt/Y1G/Py/Ru [18] | Textured Antiferromagnetic | Weak
Si/SiO2/Y1G/Py/Ru Polycrystalline Antiferromagnetic | Weak
(111) GGG/YIG/Py/Ta (111) Ferromagnetic Weak
(110) GGG/PUYIG/Py/Ta | (110) Ferromagnetic Weak

Table 1I: Summary of sample geometries and the resulting orientations, magnetic
couplings, and anisotropy observed.

We show that the antiparallel interface coupling is preserved when substituting Co for Py,
leading us to suspect that the antiparallel coupling results from direct transition metal to
ferromagnetic metal exchange at the interface rather than a very specific superexchange interaction
unique to YIG/Py. Further, we found that the antiparallel exchange coupling is preserved in
samples with sharply reduced YIG crystallinity for samples grown on SiO2 without a Pt seed layer.
In contrast, any growth stack resulting in a highly in-plane oriented or epitaxial YIG film coupled
ferromagnetically across the interface. This is true for YIG grown on both (111) GGG, where the
YIG matches the underlying orientation of the substrate, and (110) GGG/Pt, where the YIG is
relatively (110)-oriented albeit with some tilt misalignment and lower crystal quality. This
combination of observations tends to rule out FM choice, disorder, and deposition-specific issues

while implicating the surface termination of the YIG films.
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However, the observations of S. Klingler et al. remain challenging to reconcile.
Specifically, while our high-quality (111) GGG/(111) YIG/FM layers support ferromagnetic YIG-
FM exchange, the (111)-GGG/YIG/Co in Klingler et al. shows indications of some form of
antiparallel alignment. [8] We speculate that the surface terminations of these two samples may be
very different, as Klingler et al. follow a YIG surface preparation approach from S. Ptter et al.
which is known to alter the relative surface concentrations of Y, Fe, and O in favor of relatively
higher Y and O concentrations. [48] These observations are, therefore, consistent with a picture of
YIG/FM interface coupling which is highly sensitive to the interface configuration.

Having identified the likely source of anomalous magnetic coupling in the system, we may
identify several likely candidate textures. YIG layers grown on amorphous SiOz exhibit primarily
(420), (422), and (642) orientations with or without a Pt seed layer. [27] Some weaker textures
observable in these samples include the (400), (444), and (640), but for samples with a Pt seed the
volume fraction of these is sufficiently low that they are unlikely to contribute significantly the
exchange. We regard the (420) and (422) orientations as the most likely origins of the antiparallel
coupling, given that these textures have consistently high volume fractions across all samples. The
coexistence of many grain boundaries and different orientations on the YIG surface may also give
rise to frustration and surface reconstruction, and the role of these effects is challenging to separate.
Indeed, the details of the surface morphology and termination can lead to antiparallel exchange
coupling even in highly oriented garnet films, as recently reported for TmsFesO12/W
interfaces. [49] Given the surface sensitivity of the interfacial exchange coupling, either surface
termination effects or microstructure induced frustration remain plausible explanations and further

work is required.
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Lastly, we note differences in the reversal behavior of Co and Py, which indicate that
anisotropy plays a role in the low-field configuration at the Y1G/Co interface. As explored above,
this anisotropy is unexpected in samples grown without significant in-plane texture, but Co
anisotropy has been demonstrated in similar systems and is typically attributed to the specifics of
the growth-dependent microstructure. [39,40,43] While we expect such behavior to vary
considerably depending on the specific growth conditions used, it does represent an additional
tuning parameter for use in the design of hybrid YIG/FM heterostructures for magnon spintronics.
Specifically, the differences in anisotropy appear to lead to pronounced contrasts in the in-plane
domain structure at low-fields as determined by PEEM and verified by low-Q PNR features. While
the YIG domain structure appears to imprint on an adjacent Py layer, this is not true of the Co,

where a fine-structured uniaxial domain pattern emerges instead.

V. CONCLUSIONS

In summary, we have carried out detailed characterization and analysis of the coupling and
switching methods in Si and GGG-based YIG/FM hybrid structures. The antiparallel coupling
between YIG and ferromagnetic metals is confirmed for both Py and Co on films grown Si/SiO,/Pt.
We further show that this preferential antiferromagnetic coupling is independent of the presence
of a Pt seed layer for YIG growth and that the antiparallel coupling may be related to either certain
dominant YIG film textures or the presence of disorder/grain boundaries at the YIG surface.
Finally, we find that the antiparallel coupling does not manifest in analogous but highly oriented
samples grown on (111) GGG and (110) GGG/Pt substrates with or without a Pt seed layer. These
results implicate the termination surface in the YIG as the origin of the antiparallel mechanism.

Lastly, we note that subtle differences were observed in the evolution of the low-field domain
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structure, including an in-plane anisotropy which dominates the Co orientation at low fields, which
provides another potential knob through which to control the efficiency of magnon spin valve

efficiencies in garnet/metallic ferromagnet heterostructures.
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